Hyperventilation is commonly used in neurological patients to decrease elevated intracranial pressure (ICP) or relax a tense brain. However, the potentially deleterious effects of hyperventilation may limit its clinical application. The aim of this review is to summarize the physiological and outcome evidence related to hyperventilation in neurological patients.
INTRODUCTION
Hyperventilation is frequently used in neurological patients based on the fact that the hyperventilation-induced hypocapnia has profound effects on cerebral physiology. It is well known that carbon dioxide (CO 2 ) is a powerful modulator of cerebral vasomotor tone, and hypocapnia leads to cerebral vasoconstriction, whereas hypercapnia causes cerebral vasodilation.
We use hyperventilation to decrease elevated intracranial pressure (ICP) [1] and relax a tense brain (i.e. to make it smaller and softer) [2, 3] because hypocapnia leads to reduced cerebral blood flow (CBF) [4] and cerebral blood volume (CBV) [5] . Interestingly, this common practice is not based on robust evidence [6] . In contrast, a randomized controlled trial (RCT) performed in patients with severe head injury suggested that prolonged prophylactic hyperventilation may be deleterious [7] . One major concern with multihour and forced hyperventilation is hypocapnia-induced CBF reduction [4, 8] .
Therefore, hyperventilation is a double-edged sword that brings both benefits and risks. As ventilation is an adjustable physiological variable, it is pertinent to understand how to best manage ventilation to avoid doing more harm than good. The present review aims to summarize the relevant physiology and outcome evidence related to hyperventilation in neurological patients.
PHYSIOLOGICAL EFFECTS OF HYPERVENTILATION ON NORMAL AND INJURED BRAIN
Hyperventilation lowers ICP and relaxes the brain [5] . These two phenomena are related: ICP is the ICP measured with the cranium closed and is determined by all of the contents of the cranium, whereas brain relaxation refers to the size and firmness of the brain in relation to the capacity of the bony cranium typically assessed by the surgeon during craniotomy [2] . Hyperventilation leads to cerebral vasoconstriction-related reduction of the CBV, one of the components of the intracranial contents; thereby, it decreases ICP and relaxes the brain.
It is notable that CBF and CBV are related but different: CBF is the blood volume that perfuses the brain per unit time (i.e. a dynamic concept), whereas CBV is the volume of the blood within the brain (i.e. a static concept). In healthy volunteers, hyperventilation leads to an approximately 30% decrease in CBF but only a 7% decrease in the CBV when arterial blood CO 2 partial pressure (PaCO 2 ) is decreased from normocapnia (41 mmHg) to hypocapnia (25 mmHg) [9] . In patients with TBI, hyperventilation leads to an approximately 34% decrease in CBF and a 9% decrease in CBV when the PaCO 2 is decreased from 40 to 30 mmHg for 30 min [10] . The different magnitudes of change in CBF and CBV highlight that CBF and CBV are different but related measurements.
Hypocapnia induced by hyperventilation may increase cerebral metabolic activity through several different mechanisms. Hypocapnia increases neuronal excitability and seizure duration, which leads to increased oxygen and glucose consumption, excitatory amino acids production, and a switch to anaerobic metabolism [11] [12] [13] . Alkalosis may also lead to a leftward shift of the oxygen-hemoglobin dissociation curve and an inhibition of the usual negative feedback by which a low pH limits the production of endogenous organic acids [14] . These effects of hyperventilation, in addition to the CBF reduction-related decrease in oxygen supply, tilts the cerebral consumption-supply balance further towards more demand than supply [11] .
The effects of hyperventilation on a normal brain or an injured brain in patients with acute cerebral injury are different. Although hyperventilation reduces CBF in both the normal and the injured brain [15] [16] [17] [18] , the CBF reduction is more profound in the normal than the injured brain because hyperventilation redistributes CBF from normal brain tissues to injured brain tissues [13, 19] . This is consistent with the observation that luxury perfusion (i.e. regional hyperemia) mainly occurs in the injured brain in patients with acute cerebral injury [20] .
Studies have suggested that hyperventilation may adversely affect cerebral metabolism or oxygenation in patients with TBI [17, 21] . Coles et al. [22] showed that hyperventilation (PaCO 2 from 36 to 29 mmHg for 10 min) led to a slightly increased cerebral metabolic rate of oxygen (CMRO 2 ) from 78 to 81 mmol/100 ml/min in patients with TBI. Soustiel et al. found that following moderate hyperventilation (PaCO 2 from 36 to 32 mmHg for 20 min), jugular venous oxygen saturation (SvjO 2 ) and the cerebral metabolic rate of lactate and oxygen decreased, whereas the cerebral metabolic rate of glucose increased in patients with TBI [21] . These findings were corroborated by a different study that showed that hyperventilation (PaCO 2 from 36 to 29 mmHg for 10 min) led to a decrease in SvjO 2 from 72 to 60% and an increase in arteriovenous oxygen content differences (AVDO 2 ) from 3.7 to 5.6% in patients with TBI [17] . However, although decreased, the SvjO 2 values in these studies were still within the normal range.
In contrast, some studies did not find a significant impact of hyperventilation on cerebral metabolic activity in patients with TBI [10, 17, 23, 24] . Brandi et al. [23] showed that 50 min of moderate hyperventilation (PaCO 2 from 35 to 30 mmHg) did not change the glucose, lactate, or pyruvate profiles in the extracellular fluid of the brain in patients with TBI, although brain tissue oxygen tension measured by a Clark-type microcatheter was slightly decreased from 32 to 30 mmHg (the normal range > 15 mmHg). Diringer et al. [24] showed that the global CMRO 2 did not change, although the global oxygen extraction fraction increased from 0.31 to 0.45 and from 0.23 to 0.44 in patients with severe TBI following moderate (PaCO 2 ¼ 30 mmHg less than 24 h) and severe (PaCO 2 ¼ 25 mmHg for 1-5 days) hyperventilation, respectively.
In summary, hyperventilation has significant effects on cerebral physiology, including cerebral blood flow, blood volume, and metabolic activity.
KEY POINTS
Prolonged and forced hyperventilation may be harmful for patients with TBI.
Whether hyperventilation would be beneficial in intracranial hemorrhage is still controversial.
Hyperventilation can improve the operation condition during craniotomy; however, how to best use it without compromising cerebral perfusion remains unknown.
Hyperventilation-related reduction of CBF may lead to suboptimal or insufficient cerebral perfusion, whereas CBV reduction causes brain relaxation and ICP reduction. The consequences of the impact on cerebral metabolic activity remain to be determined. The physiological effects of hyperventilation on normal and injured brains are illustrated in Fig. 1 .
HYPERVENTILATION IN TRAUMATIC BRAIN INJURY
One of the therapeutic priorities in patients with TBI is to control the ICP because intracranial hypertension, which occurs frequently in this patient population, threatens the integrity of the brain and adversely affects the neurological outcome. Hyperventilation is a commonly used therapeutic option for ICP reduction [25] . In Europe, early prophylactic hyperventilation (targeting a PaCO 2 35 mmHg within 24 h after TBI) is still applied in more than half of patients with TBI [26] . However, prolonged and overzealous prophylactic hyperventilation may do more harm than good. In patients with severe TBI, one guideline does not recommend prolonged prophylactic hyperventilation targeting a PaCO 2 25 mmHg [27] . This guideline also suggests that hyperventilation targeting a PaCO 2 35 mmHg should be avoided during the first 24 h after injury but is recommended as a temporizing measure for ICP reduction after 24 h [27] .
A systematic review based on six studies concluded that both hypocapnia and hypercapnia after cerebral injury are associated with poor patient outcomes [28] . One RCT compared two different levels of PaCO 2 (25 vs. 35 mmHg) based on different ventilation protocols for 5 days in 77 patients with severe closed head injury [7] . The numbers of cases with a favorable outcome (defined as good and moderate disability according to the Glasgow Outcome Scale) were significantly different after 3 months (3 vs. 10) and 6 months (4 vs. 12) but FIGURE 1. The effects of hyperventilation in an injured brain. Hyperventilation causes cerebral vasoconstriction, which reduces cerebral blood flow and volume to decrease the oxygen supply in both normal and injured areas. Hyperventilation decreases the intracranial pressure and relaxes the brain. Hyperventilation increases neuronal excitability and seizure duration, which contribute to damaged brain metabolism. Hyperventilation also causes cerebrospinal fluid to alkalinize, pH to rise, and oxygen delivery to decrease. CSF, cerebrospinal fluid; CBV, cerebral blood volume; CBF, cerebral blood flow; OHDC, oxygen-hemoglobin dissociation curve; ICP, intracranial pressure. not after 12 months (7 vs. 12) between groups with a PaCO 2 of 25 and 35 mmHg, respectively. These outcome differences occurred only in patients with a severe head injury with a motor score more than 3 but not 3 or less on the Glasgow Coma Scale (GCS). In this study, the authors did not distinguish between adult and pediatric patients; they also kept the PaCO 2 at 30-35 mmHg in the control group, a level that was actually the result of moderate hyperventilation. Despite these limitations, this RCT is unique in investigating the effect of hyperventilation on neurological outcomes in head-injured patients.
One multicenter retrospective study found that an arrival PaCO 2 < 30 mmHg or > 49 mmHg was associated with reduced rates of survival or good outcomes (defined as discharge to home, jail, or a psychiatric facility; rehabilitation; or signing out against medical advice) in intubated patients with TBI [29] . A different retrospective study showed that children with an admission PaCO 2 between 36 and 46 mmHg had a greater discharge survival compared with those with either admission hypocapnia or hypercapnia [30] . Cold et al. showed that hyperventilation (PaCO 2 from 36 to 26 mmHg) increased the frequency of regional CBF less than 15 ml/100 g/ min, a critically low level related to poor outcomes including dementia, vegetative survival or death, from 0.1 to 3% in patients with acute comatose head injury [31] .
However, not every study demonstrated a detrimental effect of hyperventilation in patients with TBI. One study investigated the relationship between different PaCO 2 levels at admission and mortality in 492 patients with severe TBI and intubation before hospital arrival. This study showed that patients with a PaCO 2 ranging from 30 to 35 mmHg had the lowest mortality (16.1%), whereas patients with a PaCO 2 more than 45 mmHg had the highest mortality (36.2%). The mortality in patients with a PaCO 2 level less than 30 mmHg and 36-45 mmHg was 25.2 and 26.6%, respectively. There were no significant differences in the discharge GCS, functional independence measure score, or intensive care unit length of stay among the groups [32] .
The overall evidence suggests that prolonged excessive ventilation may lead to worse outcomes in patients with TBI. Prolonged prophylactic hyperventilation targeting a PaCO 2 less than 25 mmHg or during the first 24 h after injury when the CBF is frequently decreased to a critically low level is not recommended. Hyperventilation should be used as a temporary measure to reduce the ICP in this patient population, and when it is applied, the adequacy of tissue perfusion and oxygenation should be simultaneously monitored based on parameters such as SjvO 2 and brain tissue oxygen partial pressure [27] .
HYPERVENTILATION IN PATIENTS WITH HEMORRHAGIC STROKE
Spontaneous intracranial hemorrhage is associated with a high mortality and disability [33] . Hyperventilation is frequently applied in this patient population to temporarily decrease an elevated ICP and prevent an impending herniation [34] .
Hyperventilation may further deteriorate an already decreased CBF in subarachnoid hemorrhage (SAH). Von Helden et al. [35] showed that hyperventilation (PaCO 2 from 35 to 28 mmHg for 20 min) dropped the SjvO 2 from 60 to 50% and increased the mean blood flow velocity from 88 to 160 cm/s in the first 3 days in patients with an SAH. They also showed that, during the same degree of hyperventilation, a SjvO 2 below 55% was observed in more than 50% of comatose patients secondary to intracerebral hemorrhage, SAH, and head injury [35] .
There is limited evidence pertaining to the effect of hyperventilation on neurological outcomes in patients with intracranial hemorrhage. One study found that hypocapnia (PaCO 2 <35 mmHg) occurred in 92% of ventilated patients with aneurysmal SAH (n ¼ 102) [36] . This study also showed that the duration (7 days) of hypocapnia was associated with unfavorable outcomes (Glasgow Outcome Scale < 4) and symptomatic vasospasm, but the ICU length of stay and hospital mortality were not associated with this duration [36] . A different study found that 78% of patients with PaCO 2 more than 48 or less than 30 mmHg had unfavorable neurological outcomes (modified Rankin scale score 3-6), whereas 23% of patients with PaCO 2 between 30 and 48 mmHg had the same outcome [37] . Both studies suggested deleterious effects associated with hyperventilation in patients with SAH.
However, not every study demonstrated a detrimental effect of hyperventilation in patients with intracranial hemorrhage. A retrospective study performed in 1099 patients with endovascular coiling or surgical clipping for SAH found that neither blood pressure (MAP < 60 mmHg) nor end-tidal CO 2 (< 30 mmHg) was significantly associated with the Glasgow Outcome Scale at discharge or three months after discharge [38 & ]. Different studies showed that hypercapnia (PaCO 2 from 30 to 40, 50, and 60 mmHg at a 15 min interval) via hypoventilation increased CBF (from 77 to 98, 124, and 143% of baseline, respectively) and improved the brain metabolism profile (brain tissue oxygen saturation increased from 94 to 99%, 105, and 111% of baseline, respectively) in patients with SAH [39, 40] . However, the therapeutic effect of hypercapnia in this patient population remains to be further determined [39] [40] [41] .
In summary, the effect of hyperventilation in patients with intracranial hemorrhage remains controversial. Prolonged and nondiscriminative use of hyperventilation may do more harm than good. The value of hypoventilation remains elusive.
HYPERVENTILATION DURING CRANIOTOMY
Hyperventilation is commonly used during craniotomy to render a smaller and softer brain to improve the operating condition (i.e. brain relaxation) [2] . However, the concern is whether hypocapnia may compromise cerebral perfusion of the normal brain at the same time. Clearly, optimal operating conditions and cerebral perfusion should be balanced during the management of ventilation.
A multicenter randomized crossover trial compared normal ventilation (PaCO 2 37 mmHg) with hyperventilation (PaCO 2 25 mmHg) in patients who underwent supratentorial brain tumor surgery (n ¼ 275). The trial found that hyperventilation decreased the ICP from 16 to 12 mmHg, decreased the risk of increased brain bulk by 45%, and improved brain relaxation, as assessed by surgeons [3] .
In summary, hyperventilation is still a common method to induce brain relaxation during craniotomy. There is still a lack of evidence on the relationship between hyperventilation and neurological outcome in patients having craniotomy.
CLINICAL IMPLICATIONS
Hyperventilation has been used in neurological patients for decades; however, whether its application has improved patient outcomes remains unclear. Hyperventilation rapidly reduces ICP and relaxes the brain. However, it also decreases CBF in both normal and injured brains. The overriding principle in the clinical application of hyperventilation is the balance between the therapeutic effects on intracranial hypertension and the deleterious effect of CBF reduction. Although still lacking quality evidence, hyperventilation should only be selectively used in situations where its therapeutic effects outweigh its deleterious effect. It is ideal to have a monitor that assesses the adequacy of cerebral perfusion during the application of hyperventilation [42] .
CONCLUSION
Hyperventilation is commonly used in neurological patients to decrease ICP and relax the brain. The therapeutic effect and the deleterious effect associated with hyperventilation should be balanced in decision-making. Hyperventilation appears to be well tolerated when applied during craniotomy; however, its effects on neurological outcomes in patients with TBI or intracranial hemorrhage remain unclear. How to best use hyperventilation in neurological patients clearly needs further research.
